INTRODUCTION
============

Cysteine, a thiol compound, is a non-essential amino acid. It is synthesized intracellularly from methionine and serine \[[@B1]\]. Synthetic acetylated derivative of cysteine is N-acetyl-L-cysteine (NAC), which was initially employed as a mucolytic agent \[[@B2]\]. Later on, NAC was found to be beneficial beyond mutolytic action. After transporting into cells, NAC is deacetylated to cysteine, which is one of the main building blocks for glutathione (GSH) synthesis \[[@B3]\]. GSH is the major cellular thiol participating in cellular redox reactions and thioether formation \[[@B4]\]. GSH functions as an antioxidant and protects the cells and tissues from the deleterious effects of several free radicals \[[@B4]\]. In these reactions, cysteine moiety of glutathione provides the reactive sulfhydryl group and acts as its functional group. Because of having the sulfhydryl group, NAC can also act directly as a free radical scavenger thus protecting cells from oxidant damage \[[@B5]\]. Biological modulations of NAC have been extensively investigated in diverse sets of experimental systems. In these studies, NAC has been demonstrated to play significant roles in a wide variety of biological processes including inflammation, oxidative stress, cytotoxicity, gene expression, signal transduction, cell proliferation, modulation of apoptosis and carcinogenesis \[[@B2][@B6]\].

Neutrophils are an essential component of human innate immune system. Neutrophils respond to invading microbes with chemotaxis to the site of infection, respiratory burst, degranulation and intracellular killing of the microbes \[[@B7]\]. NAC was reported to affect a number of neutrophils functional responses as well. Most of these reports addressed the interference of NAC with the release of reactive oxygen species. NAC at concentrations (25\~100 µg/ml or 150\~600 µM) inhibited chemiluminescent response of human neutrophils to formylmetionyl-leucyl-phenylalanine (fMLP) \[[@B8]\]. Oral administration of NAC to healthy volunteers resulted in significant reduction of neutrophil chemiluminescence response following opsonized zymosan activation \[[@B9]\]. NAC decreased phorbol-stimulated granulocyte aggregation in a concentration-dependent manner *in vitro* \[[@B10]\]. NAC at higher concentrations (10^--1^ M) inhibited human neutrophil chemotaxis \[[@B11]\]. Receptor-mediated phagocytosis of human neutrophils was enhanced by NAC \[[@B12]\], as was antibody-dependent cellular cytotoxicity \[[@B13]\].

Ca^2+^ signaling is one of the major signalings contributing to these functional responses of human neutrophils. Intracellular free Ca^2+^ concentration (\[Ca^2+^\]~i~) mediates or essentially regulates important cellular responses in neutrophils including production and release of arachidonic acid products \[[@B14]\], degranulation \[[@B15][@B16]\], respiratory burst \[[@B17][@B18]\], chemotaxis \[[@B19][@B20]\]. Thus, Ca^2+^ contributes essentially to the function of neutrophils during their defense against bacterial and fungal infections.

However, although NAC functions have been implicated in a number of neutrophil functions, so far no report addressed the effect of NAC on the \[Ca^2+^\]~i~ in human neutrophils. Also, there is no report regarding the effect of cysteine on \[Ca^2+^\]~i~ in human neutrophils. Thus, in this study NAC and cysteine were characterized with respect to their effect on \[Ca^2+^\]~i~ in human neutrophils in *in vitro* experimental condition.

METHODS
=======

Regents
-------

NAC, cysteine, ruthenium red, fMLP and SKF-96365 were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA). Fluo-3 AM (acetoxymethyl ester) was from Invitrogen (Grand Island, NY, USA). Solvents and all other buffers and reagents used in this study were of analytical grade.

Preparation of human neutrophils
--------------------------------

The study was approved by Ethical Committee of Hallym University. Neutrophils were purified from venous blood of healthy volunteer. In brief, venous blood was collected with peripheral venous puncture and immediately anti-coagulated with 10 U/ml sodium heparin. Then, neutrophils were isolated by density gradient centrifugation in Histopaque-1077, followed by dextran sedimentation. Residual erythrocytes were eliminated with hypotonic lysis. The purity of neutrophils counted by Diff Quik staining was \>95% average. Eosinophils were found to be \<5%. The viability of neutrophils stained with tryphan blue was \>99%.

\[Ca^2+^\]~i~ measurement
-------------------------

\[Ca^2+^\]~i~ was measured using the fluorescent Ca^2+^ indicator Fluo-3 AM. Neutrophils were loaded with Fluo-3 AM (4 µM) in HEPES physiologic salt solution (HEPES-PSS) (in mM) (NaCl 140, KCl 5, MgCl~2~ 1, CaCl~2~ 1, Glucose 10, HEPES 10) for 1 h at 37℃. In Na^+^-free HEPES, NaCl was replaced with equimolar choline chloride. After washing with HEPES-PSS, Fluo-3 AM-loaded neutrophils were re-suspended in HEPES-PSS and plated on 96-well plates at a cell density of 3×10^6^ cells/ml, and then incubated at 37℃ for 10 min for cell stabilization. NAC, cysteine, fMLP or inhibitors were applied at the time points as indicated by the arrowhead in the figures following five minutes pre-read. Traces of \[Ca^2+^\]~i~ in Fluo-3 AM-loaded neutrophils were measured with 490 nm/526 nm using Spectramax M2/e fluorescence microplate reader (Molecular Devices). Fluorescent emission readings were recorded every 10 s. Raw fluorescence was subtracted with average fluorescence during 5 min before the addition of stimuli or inhibitor. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). In some analysis, \[Ca^2+^\]~i~ following treatment of NAC and cysteine was shown as area under the curve (AUC) analyzed by Graphpad Prism 5.0 (Graphpad software) and was expressed in percentage control (% control).

Statistical analysis
--------------------

All the data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. All data are presented as means±S.E.M from at least three independent experiments. p\<0.05 was considered to indicate statistical significance.

RESULTS
=======

NAC and cysteine increase \[Ca^2+^\]~i~ in human neutrophils
------------------------------------------------------------

Effects of NAC and cysteine on the \[Ca^2+^\]~i~ in human neutrophils have not been reported previously. Thus, the concentration-dependent effect of NAC and cysteine (100 nM\~10 mM) on \[Ca^2+^\]~i~ in human neutrophils was investigated. As shown in [Fig. 1A, B](#F1){ref-type="fig"}, NAC significantly increased \[Ca^2+^\]~i~ in a concentration-dependent manner (from 1 µM\~1 mM) in human neutrophils. Concentration-dependent significant increase in \[Ca^2+^\]~i~ by cysteine (from 10 µM\~1 mM) in human neutrophils also appeared ([Fig. 1C, D](#F1){ref-type="fig"}). However, NAC and cysteine at 10 mM showed an abrupt reversal in the effect with decrease in \[Ca^2+^\]~i~ (data not shown).

NAC additively enhances fMLP-induced \[Ca^2+^\]~i~ increase in human neutrophils
--------------------------------------------------------------------------------

The primary role of neutrophils is host defense against invading microbes. Neutrophils can be activated by microbial or inflammatory stimuli such as FMLP, C5a, leukotriene B4, platelet activating factor (PAF) and chemokines \[[@B21]\]. Neutrophils express a large number of cell surface receptors \[[@B22]\]. Activation of some of these receptors induces \[Ca^2+^\]~i~ increase in neutrophils \[[@B22]\]. Therefore, in the next experiment, we investigated the effects of NAC on fMLP-induced \[Ca^2+^\]~i~ increase in human neutrophils. As shown in [Fig. 2A\~D](#F2){ref-type="fig"}, NAC (10 µM\~1 mM) showed an additive effect on fMLP (1 µM)- induced \[Ca^2+^\]~i~ increase in human neutrophils.

NAC and cysteine increase \[Ca^2+^\]~i~ in human neutrophils through Ca^2+^ influx
----------------------------------------------------------------------------------

The next question was whether NAC- and cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils is from stored calcium mobilization or from calcium influx. Thus, the whole experimentation was operated in Ca^2+^-free buffer. As shown in [Fig. 3A, B](#F3){ref-type="fig"}, in Ca^2+^-free buffer supplemented with 1 mM EGTA, NAC- and cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils completely disappeared, suggesting that NAC- and cysteine-mediated increase in \[Ca^2+^\]~i~ in human neutrophils occur through Ca^2+^ influx.

SKF96365 and ruthenium red inhibit NAC- and cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils
--------------------------------------------------------------------------------------------------------

To identify the responsible calcium channel(s) in the NAC-induced \[Ca^2+^\]~i~ increase in human neutrophils, several known calcium channel inhibitors were employed. Interestingly, SKF96365, a known inhibitor of Ca^2+^ release-activated Ca^2+^ (CRAC) channel, TRPC, TRPV2 and low voltage activated T-type calcium channel \[[@B23][@B24][@B25][@B26][@B27][@B28][@B29]\] significantly inhibited NAC (100 µM)-induced \[Ca^2+^\]~i~ increase in human neutrophils ([Fig. 4A, B](#F4){ref-type="fig"}). Ruthenium red, a common TRPV inhibitor \[[@B30]\] also inhibited NAC (100 µM)-induced \[Ca^2+^\]~i~ increase in human neutrophils ([Fig. 4C, D](#F4){ref-type="fig"}). However, 2-APB (10 mM, 100 mM), a range of TRPC \[[@B1][@B3][@B5][@B6]\] channel inhibitor \[[@B27][@B31][@B32][@B33][@B34][@B35][@B36]\], mibefradil (1 µM, 10 µM), a T-type calcium channel inhibitor \[[@B37]\], flufenamic acid (100 µM) and clotrimzole (10 µM), known TRPM2 inhibitors \[[@B38][@B39]\], gadolinium chloride (50 µM), a non-specific calcium channel inhibitor \[[@B26]\] and nifedipine (10 µM), an L-type calcium channel inhibitor \[[@B40]\] did not inhibit NAC-induced \[Ca^2+^\]~i~ increase in human neutrophils (data not shown). Furthermore, NAC did not increase \[Ca^2+^\]~i~ in TRPM2 overexpressed HEK-293 cells (data not shown). Cysteine (10 µM)-induced \[Ca^2+^\]~i~ increase in human neutrophils, like NAC, showed the similar sensitivity towards SKF96365 and ruthenium red ([Fig. 5A\~D](#F5){ref-type="fig"}).

In Na^+^-free HEPES, NAC and cysteine still induced a marked \[Ca^2+^\]~i~ increase inhuman neutrophils
-------------------------------------------------------------------------------------------------------

Na^+^-dependent transportation of cysteine has been reported in a number of cellular systems including monocytes \[[@B41]\], red blood cells \[[@B42]\], cultured primary astrocytes and neurons \[[@B43]\]. Thus, the next question was asked whether NAC- or cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils is dependent on Na^+^-dependent transportation of NAC or cysteine inside the cells. To address this query, the whole experiment was performed in Na^+^-free HEPES. In Na^+^-free HEPES, NaCl was replaced with the equimolar choline chloride. As seen in [Fig. 6A, B](#F6){ref-type="fig"}, in Na^+^-free HEPES, NAC (10 µM\~1 mM) induced a marked increase in \[Ca^2+^\]~i~ in human neutrophils in a concentration dependent manner. Cysteine (1 µM\~1 mM) also had similar observation ([Fig. 6C, D](#F6){ref-type="fig"}). This observation suggests that Na^+^-dependent NAC or cysteine uptake is not necessary to induce \[Ca^2+^\]~i~ increase in human neutrophils by NAC and cysteine.

DISCUSSION
==========

This study shows stimulatory effect of NAC (1 µM\~1 mM) and cysteine (10 µM\~1 mM) on \[Ca^2+^\]~i~ in human neutrophils. Previously, Elferink and de Koster \[[@B44]\] demonstrated that, random migration of rabbit peritoneal neutrophils was enhanced in a chemokinetic way by NAC in the concentration range 10 µM to 400 µM. Their presumption was that Ca^2+^ influx might have an underlying role for this phenomenon as this migratory effect disappeared in Ca^2+^-free buffer. In this study, we clearly showed that NAC and cysteine in a concentration-dependent manner increase \[Ca^2+^\]~i~ via Ca^2+^ influx in human neutrophils ([Fig. 1A\~D](#F1){ref-type="fig"}). The abrupt reversal in the effect with decrease in \[Ca^2+^\]~i~ by NAC and cysteine at 10 mM (data not shown) could be due to the reported toxic effects of NAC at 6\~30 mM on human neutrophils \[[@B11]\].

fMLP-stimulated increase in \[Ca^2+^\]~i~ plays an important role in the functional responses of human neutrophils such as respiratory burst, chemotaxis, and degranulation \[[@B45][@B46][@B47]\]. There is some controversy in the effect of NAC on fMLP-induced respiratory burst in human neutrophils. Sadowska et al showed that preincubation of NAC (1 µM\~1 mM) with neutrophils had no effect on fMLP- or PMA-induced respiratory burst, or fMLP-induced migration in human neutrophils \[[@B48]\]. On the other hand, luminol-dependent chemiluminescence in the fMLP-stimulated human neutrophils (first peak) was observed to be suppressed by preincubated NAC at concentrations from 25\~100 µg/ml i.e 150\~600 µM \[[@B8]\]. In our study, we observed an additive effect of NAC (10 µM\~1 mM) on fMLP-stimulated \[Ca^2+^\]~i~ in human neutrophils ([Fig. 2A\~D](#F2){ref-type="fig"}). In future study, it seems worth clarifying whether NAC-induced additive effect on fMLP-stimulated \[Ca^2+^\]~i~ human neutrophils has any modulatory role in its functional responses including respiratory burst.

Notably, both NAC- and cysteine-induced \[Ca^2+^\]~i~ increase was inhibited by Ca^2+^ channel inhibitors SKF96365 and ruthenium red ([Figs. 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). The limitation of the study with these Ca^2+^-channel inhibitors is the broad-specificity of these inhibitors. As for examples, in different studies SKF96365 has been reported to inhibit a wide variety of Ca^2+^-channels including Ca^2+^ release-activated Ca^2+^ (CRAC) channel, TRPC and low voltage activated T-type calcium channel \[[@B23][@B24][@B25][@B26][@B27][@B28][@B29]\]. Ruthenium red has also been shown to act as a common inhibitor of TRPV channel \[[@B26]\]. However, a calcium channel that is inhibited by both SKF96365 and ruthenium red is TRPV2 \[[@B26]\], which is highly expressed in human neutrophils \[[@B49]\]. Thus, it would be interesting to address in the further study whether NAC- and cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils occurs through TRPV2.

Another interesting observation of this study is that both NAC and cysteine induced a remarkable \[Ca^2+^\]~i~ increase in human neutrophils in Na^+^-free buffer system. Previously, in a number of cellular systems, Na^+^-dependent transportation of cysteine was reported. Seres et al. showed that only 24% cysteine transport in monocyte is Na^+^-independent \[[@B41]\]. In red blood cells also cysteine-transport inside the cell was reported as Na^+^-dependent \[[@B42]\]. The uptake of cysteine in cultured primary astrocytes and neurons was inhibited by around 80% in Na^+^-free condition \[[@B43]\]. In alveolar type II cells, Na^+^-dependent transporters XAG and ASC were reported to transport cysteine and cystine \[[@B50]\]. We observed a marked concentration-dependent increase in \[Ca^2+^\]~i~ in Na^+^-free condition by both NAC and cysteine ([Fig. 6A-D](#F6){ref-type="fig"}). This observation excludes the possibility that Na^+^-dependent uptake of these molecules in human neutrophils is required for these molecules-induced \[Ca^2+^\]~i~ increase. Notably, NAC- and cysteine-induced concentration-dependent \[Ca^2+^\]~i~ increase in Na^+^-free condition is very fast and more marked compared to that in the normal Na^+^ condition with slight differences in effective concentrations ([Figs. 1](#F1){ref-type="fig"} and [6](#F6){ref-type="fig"}). These results suggest the extracellular modulatory activity of these molecules to induce \[Ca^2+^\]~i~ increase in human neutrophils, which probably occurs through the sulfhydryl moiety present in both NAC and cysteine.

In conclusion, to our knowledge this is the first report showing concentration-dependent increase in \[Ca^2+^\]~i~ in human neutrophils by both NAC and cysteine. In this study, we could not demonstrate any definitive mechanism of how NAC and cysteine increase \[Ca^2+^\]~i~ in human neutrophils, which is a limitation of the study. In addition, whether this \[Ca^2+^\]~i~ increase leads to functional changes of human neutrophils such as chemotaxis, respiratory burst, and degranulation needs to be explored in future study.
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![Concentration-dependent effects of NAC and cysteine on \[Ca^2+^\]~i~ in human neutrophils.\
(A) NAC (100 nM\~1 mM) or (C) cysteine (100 nM\~1 mM) was treated at 300 s following 5 min pre-read. \[Ca^2+^\]~i~ was measured as described in methods and materials. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). (B)&(D) \[Ca^2+^\]~i~ following treatment of NAC and cysteine was shown as area under curve (AUC), which was calculated for 900 s (300\~1200 s) and was expressed as percentage control (% control). Data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. An average of four (A, B) and three (C, D) independent experiments is shown. ns, no significant difference, ^\*\*^p\<0.01, ^\*\*\*^p\<0.001.](kjpp-20-449-g001){#F1}

![Effects of NAC and cysteine on fMLP-induced increase in \[Ca^2+^\]~i~ in human neutrophils.\
Vehicle or NAC at 10 µM, 100 µM and 1 mM (A\~C), and fMLP (1 µM) were added at the time points indicated by the arrowheads. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). (D) \[Ca^2+^\]~i~ following treatment of vehicle or fMLP (1 µM) was shown as area under curve (AUC), which was calculated for 300 s (900\~1200 s) and was expressed as percentage control (% control). Data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. An average of three independent experiments is shown. ^\*\*\*^p\<0.001.](kjpp-20-449-g002){#F2}

![NAC and cysteine had no effect on \[Ca^2+^\]~i~ in human neutrophils in Ca^2+^-free HEPES buffer.\
(A) NAC (100 nM\~1 mM) or (B) cysteine (100 nM\~1 mM) was treated at 300 s following 5 min pre-read. \[Ca^2+^\]~i~ was measured as described in methods and materials. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~).](kjpp-20-449-g003){#F3}

![SKF96365 and ruthenium red inhibit NAC-induced \[Ca^2+^\]~i~ increase in human neutrophils.\
Ca^2+^-channel inhibitors (A) SKF96365 (10 µM) and (C) ruthenium red (20 µM), and NAC (100 µM) were added at the time points indicated by the arrowheads. \[Ca^2+^\]~i~ was measured as described in methods and materials. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). (B, D) \[Ca^2+^\]~i~ following addition of Ca^2+^-channel inhibitors were shown as area under curve (AUC), which was calculated for 300 s (900\~1200 s) and was expressed as percentage control (% control). Data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. An average of three independent experiments is shown. ns, no significant difference, ^\*\*^p\<0.01.](kjpp-20-449-g004){#F4}

![SKF96365 and ruthenium red inhibit cysteine-induced \[Ca^2+^\]~i~ increase in human neutrophils.\
Ca^2+^-channel inhibitors (A) SKF96365 (10 µM) and (C) ruthenium red (20 µM), and cysteine (10 µM) were added at the time points indicated by the arrowheads. \[Ca^2+^\]~i~ was measured as described in methods and materials. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). (B, D) \[Ca^2+^\]~i~ following addition of Ca^2+^ channel inhibitors were indicated as area under curve (AUC), which was calculated for 300 s (900\~1200 s) and was expressed as percentage control (% control). Data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. An average of three independent experiments is shown. ns, no significant difference, ^\*^p\<0.05.](kjpp-20-449-g005){#F5}

![NAC and cysteine increase \[Ca^2+^\]~i~ in human neutrophils in Na^+^-free HEPES buffer.\
(A) NAC (100 nM\~1 mM) or (C) cysteine (100 nM\~1 mM) was treated at 300 s following 5 min preread. \[Ca^2+^\]~i~ was measured as described in methods and materials. Changes in \[Ca^2+^\]~i~ were expressed as the relative fluorescence intensity of Fluo-3 AM over baseline fluorescence intensity (F/F~0~). (B)&(D) \[Ca^2+^\]~i~ following treatment of NAC and cysteine was shown as area under curve (AUC), which was calculated for 900 s (300\~1200 s) and was expressed as percentage control (% control). Data were analyzed by Graphpad Prism 5.0 (Graphpad software) using ANOVA. Bonferroni test was used for post-hoc comparison. An average of three independent experiments is shown. ns, no significant difference, ^\*\*\*^p\<0.001.](kjpp-20-449-g006){#F6}

[^1]: ^¶^Present address: Department of Biochemistry and Molecular Biology, Faculty of Biological Sciences, Jahangirnagar University, Dhaka, Bangladesh.
